Compliant sheet metal assembly is a hierarchical manufacturing process that plays a significant role in automotive product development. Parts are joined in different stations to form the final product (e.g., the vehicle body structure). Dimensional variation is a product attribute of major importance that characterizes quality, and is mainly affected by the variability of parts, fixtures, and joining methods at each of the multiple stations. The propagation of dimensional variation through the multistation assembly system is modeled as a linear process, where all three aforementioned sources of variability are taken into account at each station using finite element models. In this article we apply the analytical target cascading process to the tolerance allocation problem in multistation assembly systems. Specifically, we translate final product variation targets to tolerance specifications for subassemblies and incoming parts. We demonstrate the methodology by means of a vehicle side frame assembly example.
INTRODUCTION
Product tolerance allocation is the process of determining component tolerances using appropriate rules to satisfy final assembly tolerance targets that are known from design requirements [1] . It is performed early in the product development cycle, before any parts have been produced or tooling ordered. * Corresponding author, Phone/Fax: (734) 615-8991/647-8403 In order to optimally allocate tolerances in a multistation assembly process, the interrelations between tolerance, quality and cost need to be understood and demonstrated. Overall, there are three key elements to realize the optimization process: a variation propagation model, a tolerance-variation relation, and a cost function.
Station-to-station variation propagation in multistation manufacturing processes is described using a state space representation. Some multistation variation propagation models have been developed for different processes, such as rigid-part assembly [2, 3, 4] , compliant-part assembly [5] , machining [6, 7] , and stretch forming [8] , where the multistation process is treated as a sequential dynamic system but the time index in the traditional state space model is replaced with a station index. With these developments it is possible to conduct tolerance allocation in multistation manufacturing processes.
Design evaluation of multistation manufacturing processes depends on a group of critical features that are important to satisfy performance requirements. In the automotive industry, this group of critical features are known as KPCs (Key Product Characteristics). The key parameters for processes, known as KCCs (Key Control Characteristics) have an impact on KPCs' dimensional accuracy and in turn affect the final product quality. Therefore, tolerance-variation relation for KPCs, KCCs, and their interrelation need to be addressed. Under the assumption that dimensional variations occur randomly, the production process is said to be in statistical control [9] . Thus, tolerance is always related to parameters of probabilistic distributions, such as vari-ance. Sometimes additional analysis needs to be conducted given different contact or location scheme information.
Product tolerance allocation methods are also based on optimization using cost-tolerance models. Such models can be linear or nonlinear, continuous or discrete. Accordingly, integer programming, sequential quadratic programming, or simulated annealing methods are typically used to solve the associated optimization problems. Chase et al., Choi et al. and Hong et al. provide extensive reviews of existing approaches [10, 11, 12] .
The importance of tolerance allocation in assembly processes has led to increasing amount of research in this area. Ding proposed and demonstrated a framework of process-oriented tolerance synthesis for multistation assembly [13] . In this method, only the process tolerances, which are the tolerances associated with process variables, are optimally allocated by solving a nonlinear constrained optimization problem. Production tolerances, which are the tolerances associated with the dimensions of manufactured components, are not allocated in this method. Moreover, this method can only handle rigid assembly processes due to the utilized variation model.
Since traditional tolerancing methods are no longer valid in compliant assembly structures [14] , tolerance analysis for compliant assembly structures has attracted increasing attention [15, 16, 17, 18] , while little of the research of tolerance allocation for compliant assemblies has been conducted. Shiu et al. presented a tolerance allocation methodology for compliant beam structures in automotive and aerospace assembly processes [19] . Based on a beam structure model, the proposed method minimizes manufacturing costs associated with tolerances of product functional requirements subject to constraints related to process requirements. However, the inaccuracy of the results due to the simplified beam structure model constraints the applications of this methodology. In addition, it is not clear whether this methodology could be extended to compliant multistation assembly.
There are several limitations in the work presented so far in this research area. Firstly, tolerance allocation has not been conducted for compliant multistation assembly processes. Secondly, tolerance information has not been provided or allocated for intermediate subassemblies. This information is important for tool specifications and station design. Another challenge brought by the multistation manufacturing system is the complexity. A typical automotive body assembly process can consist of up to 70 stations, for example, to fabricate the structural frame of an automobile. It is also possible to design different manufacturing processes for one product. These limitations motivated us to explore the applicability of multilevel design optimization methods on multistation manufacturing system design.
In this article, we propose a strategy for tolerance allocation in compliant multistation assembly. Specifically, we apply the analytical target cascading (ATC) process to allocate tolerances of KPCs for final assemblies to KPCs for parts and subassemblies by using variation propagation models, and to identify costquality tradeoffs quantitatively. Optimal design specifications for initial parts and subassemblies are obtained to satisfy overall targets related to minimized variations of assembled products and available budgets of bills of materials.
The article is organized as follows. The next sections review variation propagation modeling in multistation assembly systems, cost modeling in manufacturing systems, and the basic concepts of the ATC process. The proposed methodology is then presented. Finally, an example that considers the assembly of a vehicle side frame structure is used to illustrate the proposed methodology for tolerance allocation. A parametric study demonstrates the usefulness of the proposed methodology in identifying cost-quality tradeoffs.
PROPAGATION OF VARIATION IN MULTISTATION AS-SEMBLY SYSTEMS
Compliant sheet metal assembly is typically a multilevel hierarchical manufacturing process, where parts are joined together at different stations to form the final product. Figure 1 depicts an example of a typical multistation assembly system for a vehicle [20] . Example of a vehicle body assembly process [20] Dimensional variation is a product attribute of major importance; it characterizes quality, and is mainly affected by the variability of parts, fixtures, and joining methods at each of the multiple stations. The propagation of dimensional variation through the multistation assembly system is modeled as a linear process, where all aforementioned sources of variability are taken into account at each station using finite element models (FEM). It is em-phasized that station interactions may cause increase or decrease in dimensional variation.
Camelio et al. developed a model to analyze the propagation of variation in compliant multistation assembly systems [5] . In the model, a state space equation was developed and the state matrix, input matrix and state vector which are associated with the equation were defined in this paper. This model considered the influence of part variation, fixture variation, and welding gun variation on the final assembly variation. The following linear model was used to compute the state vector X i , which corresponds to dimensional variations of measurement points on parts and subassemblies at station i:
where S i is the sensitivity matrix, P i is the part deformation matrix, and M i is the relocation matrix associated with station i. U 1 i is the variation vector of a"3-2-1" fixture, U 2 i is the variation vector for a "n-2-1" fixture with n > 3, and U 3 i is the variation vector for welding guns. W i represents the noise which is the propagated variation not accounted for by this model.
Under the assumption that the variations for components, fixtures, and welding guns are independent of each other, the covariance relationship could be derived from relation (1) as follows:
and
The vector σ 2 i includes the variances of selected measurement points on parts or subassemblies, which denote KPC's variation. The elements of σ 2 i are the diagonal elements of Σ i , i.e.,
In this work, it is assumed that tolerance T i is represented by standard deviation σ i .
COST MODELING
Each single station involves costs for assembly, setting up, loading/unloading, and tooling [21] . Manufacturing cost is associated with tolerance specifications of raw materials, machining tools, and fixtures. Using dimensionally accurate parts has proven to be extremely costly for both auto-makers and suppliers [22] , while loose tolerances may lead to increased waste and assembly problems. Both cases may also result in inferior product performance and loss of market share.
Various functions have been proposed to describe the costtolerance relationship. A survey of models can be found in [10] . All the models share the following characteristics:
1. The trade-off between cost and tolerance is expressed through mathematical modeling, such as reciprocal or exponential functions. 2. There is a constant coefficient which represents the fixed costs such as tooling, handing, fixturing, setup, and other pre-processing operations. 3. There is a term which represents the cost of producing a single component dimension to a specified tolerance.
Since manufacturing cost is site-and process-dependent, the choice of appropriate cost models depends on comprehensive understanding of manufacturing systems. Sometimes it is more interesting to compare relative numerical values. In this paper the exponential function is chosen to represent the cost of the incoming (initial) parts of the assembly [23] :
where k 1 represents fixed costs, k 2 is the cost of producing a single component dimension to a specified tolerance T , k 3 describes how sensitive the process cost is to changes in tolerance specifications.
ANALYTICAL TARGET CASCADING
Analytical target cascading is a methodology used at the early design stages of hierarchical multilevel systems [24] . Exploiting the multilevel hierarchy, system design targets are propagated ("cascaded") to appropriate subsystem and component design specifications in a consistent and efficient manner.
ATC operates by formulating and solving a minimum deviation optimization problem for each element of the multilevel hierarchy. Assuming that inputs of higher level elements are outputs of lower-level elements, it aims at minimizing the gap between what upper-level elements "want" and what lower-level elements "can". The objective is to identify early in the design development process the relations and possible trade-offs among elements, and to determine specifications that yield consistent system design with minimized deviation from design targets.
Theoretical convergence properties of ATC have been proven for appropriate coordination strategies [25] , and the ATC process has been applied successfully to diverse problems, such as automotive design [26, 27, 28] , product families design [29] , building systems design [30] , and the decision-making process when linking engineering to business and marketing considerations [31, 32] .
The multilevel hierarchical structure of the multistation assembly process enables the application of ATC to product tolerance allocation. The general mathematical formulation of the ATC process is presented in detail in the aforementioned references. For the sake of brevity, we will not repeat it here. Instead, in the following section we will present the specific formulation as it applies to the product tolerance allocation problem in multistation assembly.
PROPOSED METHODOLOGY
The example of a multistation assembly system as shown in Figure 1 can be generalized to a multilevel hierarchy of stations as shown in Figure 2 . It is then possible to apply the ATC process for tolerance allocation in multistation assembly systems. At the top level, which represents the final station where all the subassemblies are joined to form the final assembly, target values are assigned for the entries of the variance vector σ 2 0 at measurement points in the final assembly. Using relations (2) and (3), we can cascade these target values to variation specifications for all the subassemblies, parts, etc., all the way down to the bottom level, obtaining thus variation specifications for the initial parts σ 2 N1 , σ 2 N2 , . . . , σ 2 NM . Therefore, tolerance information T i can be obtained since it is represented by standard deviation σ i under the assumption.
The ATC process consists of solving a sequence of optimization subproblems associated with each station of the multilevel hierarchy. For tolerance allocation, the mathematical formulation of the optimization subproblem at station j of level i is
where
, superscripts H and L denote target values cascaded down and passed up from "parent" and "children" stations, respectively, M i j is the number of "children" stations, ε i j is the so-called consistency optimization variable, and g and h are general inequality and equality constraints. Note that the function f is linear and represents relations (2) and (3).
In Problem (5), the objective is to minimize the deviation between current variations and the targets cascaded from above subject to consistency constraints that take into account the variations that can be expected from the "children" stations. Note that the top-level station does not have a "parent" station; the variation targets are given, which is denoted by substituting the superscript symbol H with L. Similarly, bottom-level stations do not have "children" stations; the consistency constraints and the associated consistency optimization variable ε are not included in the formulation of bottom-level subproblems.
Budget allocation can be realized by including a station cost function term in the objective. In this work, we only consider the cost of incoming parts. Therefore, we take cost-quality tradeoffs into consideration by formulating budget constraints. The manufacturing cost allocated for each part or subassembly is required to be less than its budget target. Implementation details are illustrated in the following section.
EXAMPLE
An example representing the assembly of a vehicle side frame structure is used to illustrate the proposed methodology.
The considered multistation assembly process consists of three stations and four incoming (initial) parts. The three-level hierarchy is shown in Figure 3 . At station 11, parts 21 and 22 are joined together to form subassembly 11. At the same time, parts 23 and 24 are joined together to form subassembly 12 at station 12. Finally, at station 01, subassemblies 11 and 12 are joined to form final assembly 01. Figure 4 shows the simplified finite element models used to represent this assembly process. Measurements are taken at KPC points (marked in Figure 4 ). The locating points and welding points for each station are also indicated. Each station uses a 3-2-1 fixture layout. The fixture locators will be assumed to have In these models, the length for each of the four incoming parts is equal to 700mm. The thickness for each of them is equal to 2mm. The material for each part is mild steel with Young's modulus E = 3.06GPa and Poisson's ratio ν = 0.3.
Fixtures and tooling variations are not considered in this example. Therefore, the variation propagation model is simplified. In addition, the relocating scheme from station to station does not induce variation changes for components. Therefore, the relocating matrix M i is equal to zero. The deformation matrix P i for each component is equal to the identity matrix. Relation (2) is simplified as follows:
The variance vector σ 2 i j for the incoming parts at initial conditions are taken from [5] , and are presented in Table 1 . Each vector includes different measurement points as shown in Figure 4 . Since process variables are not changed during the assembly process, station-related costs are fixed. Nevertheless, bottomlevel stations assemble incoming parts that are bought directly from suppliers. In this example, we consider only the cost associated with the quality of the incoming parts. In relation (4), k 1 is assumed to be equal to zero for all four incoming parts. Table 2 includes the remaining parameter values for the cost models, which represent mild fluctuations from ad-hoc selected values. The problem formulation for each station in the multilevel hierarchy is as follows.
• Level 0 (only one station):
where T 01 = f 01 (T 11 , T 12 ).
• Level 1, Station 1:
where cascaded. The two bottom-level problems are then solved independently to match the targets assigned by the top-level problem solution. Bottom-level tolerances are then passed up to the top-level problem, completing thus one ATC iteration. The ATC process terminates when the optimization variable values do not change significantly. Typically this was achieved within one hundred iterations. The optimization subproblems were solved using the MATLAB implementation of the sequential quadratic programming (SQP) algorithm.
A parametric study was conducted for tolerance allocation under different budgets. Since the only cost is assumed to be from incoming parts, the idea here is to assign local budgets to incoming parts while improving the final product quality. The parametric study allows us to identify cost-quality tradeoffs quantitatively, i.e., determine how much quality improves with increased purchase budgets of incoming parts.
A parameter r was defined as the percentage increase in available budget. Five different values for r were selected (cf. Table 3 ), and the ATC process was applied for each of these values. Optimal tolerance values for parts, subassemblies, and final Table 4 and depicted in Figure 6 . It is observed from Figure 6 that an initial small increase in budget results in substantial improvement of subassemblies and final product quality, while further budget increases do not increase quality much more. Also, small to moderate variation reduction in incoming parts yields higher variation reduction in subassemblies and final product. This could be explained as follows. First, for assemblies that consist of compliant thin sheet metals, the variation propagation mechanism is different from the one for rigid body models because of possible part deformation [20] , which is reflected by the sensitivity matrix S i . Second, the norm of each vector is chosen to represent product quality. Tolerance values for elements of each vector need to be investi- 
DISCUSSION AND FUTURE WORK
We have applied the analytical target cascading process to solve the tolerance allocation problem in compliant multistation assembly systems using the propagation of dimensional variation to link the multiple levels of the hierarchy.
We demonstrated that tolerance specifications for subassemblies and incoming parts can be determined such that the quality of the final product is optimal with respect to the available resources.
Dimensional variation is mainly affected by the variability of parts, fixtures, and joining methods at each of the multiple stations. As a first step, we have taken into account only the variability of parts. Also, we considered only the purchase cost of incoming parts.
Future work focuses on taking into account variabilities due to fixtures and joining methods at each of the multiple stations. This will allow us to not only allocate tolerances but also design the stations for optimal final product quality. In addition, we will use cost models to formulate appropriate budget constraints in order to avoid prohibitively expensive station designs. We will then be able to additionally assign overall budget targets and allocate resources to individual stations.
